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CONTACT OR PROXIMITY PRINTING USING A MAGNIFIED MASK IMAGE 

Inventors: Christophe PIERRAT, 

Alfred Kwok-Kit WONG 

5 

Field of the Invention 

[0001] The invention relates to the process of fabricating semiconductor chips. 
10 More specifically, the invention relates to a lithographic method. 

Related Art 

[0002] Integrated circuit technology improvements are mostly driven by the 

15 decrease of the feature size of the semiconductor chips. As the feature size of the circuit 
decreases, circuit designers have to deal with the limitations of the lithography process 
used to manufacture the integrated circuits. The lithography process starts first by coating 
the surface of the semiconductor wafer with a material called resist. A source of radiation 
is then shone through the mask in the case of a transparent mask. For a reflective mask 

20 the radiation is reflected by the mask. The transparent mask is made of a substrate 

transparent to the radiation and coated with a patterned opaque layer defining clear and 
opaque regions to the radiation. Transparent masks are mostly used in optical lithography 
with typical wavelengths of 436nm, 405nm, 365nm, 248nm, 193nm, and 157nm. The 
reflective masks are made using a substrate reflective to the radiation and coated with a 

25 patterned non-reflective layer defining reflective and non-reflective regions to the 

radiation. Alternatively, a reflective mask could be made of a non-reflective substrate 
coated with a reflective layer. Reflective masks are mostly used for shorter radiation 
wavelength on the order of 13nm usually referred to as EUV or Extreme Ultra Violet. 
[0003] During the exposure to the radiation source, an image of the mask is formed 

30 using an optical system on top of the resist layer. Various optical systems can be used to 
produce an image of the mask. In the techniques called contact printing and proximity 
printing, the mask is placed in contact or in close proximity to the resist. Light is shone 
through the backside of the mask thereby exposing the entire resist-coated wafer through 
the openings of the mask. Since the mask image and the wafer image are of the same 

35 dimension, this technique was partially abandoned for volume manufacturing because of 
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the tight requirements on the mask image and the difficulty to obtain good contact over 
the entire wafer area. 

[0004] The main technique used today in volume production relies on the 
projection of the image of the mask onto the wafer. Typically the wafer image is reduced 
5 by a factor of 4 (usually named mask image magnification factor or wafer image 
demagnification factor) as compared to the mask image, thus relaxing the mask 
fabrication requirements. The field on the wafer corresponding to the image of the mask 
is exposed multiple times to cover the entire wafer. The entire field can be exposed in one 
shot, in this case the equipment is named a stepper. 

10 [0005] Alternatively, the field can be scanned by moving the mask and the wafer 
relative to the projection lens. In this case the equipment is named a scanner. Scanners 
offer the advantage to mitigate some field non-uniformities observed in steppers but the 
scanning mechanism adds residual noise that partially degrades the aerial image. 
Moreover scanners show differences of the aerial image for features perpendicular to the 

15 scan direction versus features parallel to the scan direction. As the quality of the 
projection lenses improves, the advantage of scanners over steppers becomes less 
apparent. 

[0006] The resist layer is exposed by the radiation passing through the mask in case 
of transparent mask or reflected by the mask in the case of a reflective mask. The resist is 
20 then developed in a developer bath and depending on the polarity of the resist (positive or 
negative), the exposed regions or the unexposed regions of the resist are removed. The 
end result is a semiconductor wafer with a resist layer having a desired pattern. This resist 
pattern can then be used by subsequent processing steps of the underlying regions of the 
wafer. 

25 [0007] As the feature size decreases, distortion in the pattern transfer process 

becomes more severe. The design shapes must be modified in order to print the desired 
images on the wafer. The modifications account for the limitation in the lithography 
process. One such modification is referred to as Optical Proximity Correction (OPC) in 
the case of optical lithography. In the case of OPC, modifications of the design image 

30 account for optical limitations as well as mask fabrication limitations and resist 
limitations. Modifications of the design image can also account for the subsequent 
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process steps like dry etching or implantation. It can also account for flare in the optical 
system as well as pattern density variations. Another application of proximity effect 
correction is the compensation of the effects of aberrations of the optical system used to 
print the image of the mask onto the wafers. In this case, a mask with aberration 
5 correction would be dedicated to a given lithography tool as the aberrations are tool- 
specific. 

[0008] Figure 1 illustrates the modification of the mask data to correct for 
proximity effects. The processing of the mask data starts with a target layout 101 
representing the desired dimensions of the image on the wafer. The printed image 102 of 

10 the target layout 101 differs from the desired image due to proximity effect. For 

reference, the target image 101 is shown with the printed image 102. The edges of the 
features are then moved (103) so that the corresponding printed image on the wafer 104 
is correct (as close to the target as possible). In Figure 1, all the areas of the layout have 
been corrected but different degrees of proximity effect correction aggressiveness can be 

15 applied to different regions depending on the criticality of the region in the integrated 
circuit. 

[0009] The corrections to layout 101 can be applied using a rule-based approach or 
a model-based approach. For a rule-based approach (Rule-based OPC), the displacement 
of the segments would be set by a list of rules depending, for example, on the feature size 
20 and its environment. For a model-based approach (Model-based OPC), the printed image 
on the wafer would be simulated using a model of the pattern transfer process. The 
correction would be set such that the simulated image matches the desired wafer image. 
A combination of rule-based OPC and model-based OPC sometimes referred to as hybrid 
OPC can also be used. 

25 [0010] In the case of model-based OPC, the original layout 201 as shown in Figure 
2 is dissected in smaller segments 203 shown in modified layout 202. Each segment is 
associated an evaluation point 204. The printed errors of the evaluation points are 
compensated by moving the corresponding segment in a direction perpendicular to the 
segment as shown in the final layout 205. The segments are corrected using multiple 

30 iterations in order to account for corrections of neighboring segments. 
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[0011] The image quality can be improved by adding printing or non-printing assist 
features along the edges of the main features. These assist features modify the diffraction 
spectrum of the pattern in a way that improves the printing of the main feature. The 
practical implementation of assist features is enhanced with the use of proximity effect 
5 correction as described above to correct for any optical printing artifact as well as resist 
and etch artifacts. 

[0012] The image quality can also be improved by using phase-shifting masks. In 
this case, at least two different regions are created on the masks corresponding to 
different phase and transmission of the light either going through these regions (for 

10 transparent mask) or reflected by these regions (for reflective mask). The phase 

difference between the two regions is chosen to be substantially equal to 180 degrees. 
The destructive interference between adjacent regions of opposite phase creates a very 
sharp contrast at the boundary between the regions, thus leading to the printing of small 
features on the wafer. Two main classes of phase-shifting masks are in use today. For the 

15 first class, the amount of light transmitted for transparent masks (or reflected for 

reflective masks) by one region is only a portion of the light transmitted (or reflected) by 
the other region, typically 5% to 15%. These masks are referred to as attenuated phase- 
shifting masks or half-tone phase-shifting masks. For the second class, the light 
transmitted (for transparent masks) or reflected (for reflective masks) by one region is 

20 substantially equal to the light transmitted (for transparent masks) or reflected (for 

reflective masks) by the other region. The second class of masks includes the following 
types of phase-shifting masks: alternating aperture phase-shifting masks, chromeless 
phase-shifting masks, and rim phase-shifting masks. The practical implementation of 
these techniques is improved with the use of proximity effect correction as described 

25 above to correct for any optical printing artifact as well as resist and etch artifacts. All the 
techniques can be combined with the use of assist features. 

[0013] The image quality can also be improved by using off-axis illumination. To 
achieve off-axis illumination, the illuminator of the stepper or scanner is shaped in a way 
that only the light at certain angles with respect to the optical axis is used to create the 
30 image thereby favoring certain spatial frequencies of the mask pattern. The off-axis 

setting can be adjusted for a given feature size and type or for a collection of feature sizes 
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and types. Off-axis illumination can be used in combination with binary masks, 
attenuated phase-shifting masks, chromeless phase-shifting masks, or rim phase-shifting 
masks. Off-axis illumination will also be improved by the use of proximity effect 
correction as described in a previous paragraph. Off-axis illumination can also be 
5 combined with the use of assist-features. 

[0014] For the various techniques described above, i.e. proximity effect correction, 
phase-shifting masks, off-axis illumination, a very accurate model of the overall 
patterning process is required. This model strongly depends on the optical set up of the 
exposure tool used to expose the wafers. In particular, the wavelength of the light source, 
10 the numerical aperture of the projection lens and the illumination setting (partial 

coherence, off-axis illumination) are critical. The limitation of current optical systems is 
driven by the following equation: 
R = k, X/NA 

R = resolution 

15 X = wavelength of the illumination source 

NA = numerical aperture of the exposure system 

[0015] The maximum resolution (or smallest line in a pattern made of equal lines 
and spaces) achieved for standard optical system is achieved for kj = 0.25. But for values 

20 of ki below 0.5, severe distortion of the pattern can be observed on the wafer thus 
requiring the correction of the mask in order to print the desired image on the wafer. 
[0016] In spite of all the techniques described above, the theoretical limit of ki = 
0.25 cannot be exceeded for current exposure tools. One approach that was recently 
proposed to extend the life of optical lithography is to create the image in a liquid having 

25 a high refractive index medium thereby reducing the wavelength of the light by the 

reflective index. The limitation of optical systems with immersion will be driven by the 
following equation: 

R = ki A7(n NA) 

R = resolution 

30 A, = wavelength in vacuum of the illumination source 

NA = numerical aperture of the exposure system 
n = refractive index of the immersion medium 
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In this case, the ki = 0.25 limitation still holds but much smaller feature sizes can be 
printed. For example, for 193nm wavelength, water was proposed as the immersion 
liquid. Water has a refractive of 1.47 at 193nm, thereby lowering the smallest printable 
feature by a factor of 1.47. For 157nm wavelength, a polymer referred to as PFPE 
5 (Perfluoropoly ether) was proposed with a refractive index of 1.38. The main challenge of 
immersion lithography is the manufacturing of steppers and scanners capable of handling 
a film of liquid between the lens and the wafer without creating bubble or non- 
uniformities. The addition of an immersion film could result in vibration coupling 
between the stage and the lens. Moreover the resist used must be compatible with the 
10 immersion liquid. Another challenge is the limited availability of transparent liquids with 
a high refractive index at 193nm or 157nm. 

[0017] Another option would be to use solid immersion lithography as described in 
United States Patent number 5,121,256. In this case a solid immersion lens is added to an 
existing optical system and placed closely adjacent to the sample. The optical system 

15 images the mask onto the wafer and the immersion lens is shaped with a spherical surface 
and placed at a distance such that the beams enter the solid lens with no refraction. For 
today's exposure systems the distance between the lens and the wafer is on the order of a 
few millimeters while the field size image is on the order of 20 to 40 millimeters thus 
rendering the set up described in United States Patent number 5,121,256 not viable. 

20 Indeed, to image such a field size, the solid immersion lens would be too thick compared 
to the distance between the projection lens and the wafer. Moreover the set up proposed 
is limited by aberrations when a large field is imaged. Building two separate lenses, one 
objective lens and one solid immersion lens also puts extreme requirements on the 
alignment of the lenses, the vibration of the lenses, and the overall correction of the 

25 aberrations across the field. 

[0018] Projection lenses used today for optical lithography are made of a large 
number of lens elements, typically on the order of 30 lens elements, as described in 
United States Patent number 6,522,484. The large number of lens elements is required in 
order to lower the aberration level across the field of the image. The shape of each lens 

30 elements is optimized by taking into account all the other lens elements. Each element is 
accurately positioned inside the lens assembly and kept in an environment where the 
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pressure, temperature and atmosphere are controlled. These tight requirements make the 
use of two separate lenses as described in 5,121,256 impractical. 

Summary 

5 

[0019] The present invention provides a lithography system based on a projection 
lens in which a final lens element has a surface adapted to be placed in contact or in close 
proximity with the sample being exposed, and a stage that supports the sample in contact 
or in close proximity with the surface of the final lens element. The projection lens 

10 typically comprises a plurality of lens elements including a first lens element adapted to 
face a mask, and the final lens element. The final lens element comprises a solid material 
having a high index of refraction, or an index of refraction greater than one. For 
example, in systems projecting an image using radiation having a wavelength of about 
193 nm, or having a wavelength of about 157 nm, the final lens element may comprise 

15 one of silicon dioxide, calcium fluoride, aluminum oxide, yttrium fluoride, lanthanum 
fluoride, strontium fluoride. 

[0020] In embodiments of the invention, the plurality of lens elements of the 
projection lens demagnifies an object on the mask by a factor greater than 4 at an image 
plane on or near the sample. In some embodiments, the image plane is on or near the 
20 surface of the final lens element. In such cases, evanescent waves from the image plane 
can be used to transfer the image into the radiation sensitive layer on the sample. In yet 
other embodiments, the index of refraction of the final lens element matches the index of 
refraction of the radiation sensitive layer on the sample. 

[0021] The projection lens in typical embodiments comprises a plurality of lenses 
25 which are encased, to provide controlled atmosphere and temperature in the spaces 

among the lenses. The final lens element has a high index of refraction, and is adapted to 
be placed in contact with the radiation sensitive layer on the sample. In some 
embodiments, the final lens element is a slab of high index of refraction material, which 
is adapted to be removed from the projection lens assembly for ease of replacement, and 
30 cleaning. 

[0022] Further embodiments of the invention comprise a lithography system that 
includes a projection lens which has one side adapted to be placed in contact or in close 
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proximity with the sample, and an other side adapted to be placed in contact or in close 
proximity with the mask. 

[0023] The present invention also provides a method for manufacturing integrated 
circuits. The method includes providing a wafer having a layer adapted to be developed 
5 in response to radiation. Also, a layout object to be projected on the layer is provided. 
According to the method, the layer on wafer which is sensitive to radiation is placed in 
contact or close proximity with a high index of refraction lens element on the projection 
lens. The object is imaged on the radiation sensitive layer by the projection lens. 
[0024] According to embodiments of the method, the step of imaging the object 

10 includes imaging the object at an image plane, so that evanescent waves emanating from 
the lens element transfer the image to the layer on the sample, at least in part. In other 
embodiments, the image of the object is formed at an image plane near a top surface of 
the radiation sensitive layer. Alternatively, the image plane may be placed anywhere 
within the radiation sensitive layer, according to the pattern being transferred, the 

15 characteristics of the material of the layer, and other factors. 

[0025] In yet other embodiments of the invention, the method includes preventing 
adhesion of the lens element to the layer. 

[0026] Also, embodiments the invention include placing a mask including the 
object to be imaged, in contact or close proximity with another high index of refraction 

20 lens element of the projection lens. 

[0027] Embodiment of the invention includes laying out the layout pattern on the 
mask to be imaged on the radiation-sensitive layer. Laying out includes applying 
proximity correction using a lithography model comprising, for an incident material 
different than air characterized by its refractive index and absorption coefficient, 

25 calculating fields in the resist, accounting for the incident material refractive index and 
absorption coefficient, performed using thin film optics or by solving Maxwell equations. 
[0028] Embodiment of the invention includes laying out the layout pattern on the 
mask to be imaged on the radiation-sensitive layer. Laying out includes applying 
proximity correction using a lithography model comprising, for an incident material 

30 different than air characterized by its refractive index and absorption coefficient, 

calculating fields in the resist, accounting for the incident material refractive index and 
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absorption coefficient, performed using thin film optics or by solving Maxwell equations, 
and accounting for a gap between the incident material and the resist using thin film 
modeling or by solving Maxwell equations. 

[0029] Embodiment of the invention includes laying out the layout pattern on the 
5 mask to be imaged on the radiation-sensitive layer. The layout pattern comprises an 
alternating aperture phase-shifting mask layout. Laying out includes applying proximity 
correction using a lithography model comprising, for an incident material different than 
air characterized by its refractive index and absorption coefficient, calculating fields in 
the resist, accounting for the incident material refractive index and absorption coefficient, 

10 performed using thin film optics or by solving Maxwell equations. 

[0030] Embodiment of the invention includes applying an off-axis setting for the 
projection lens, the off-axis setting obtained using a lithography model comprising, for an 
incident material different than air characterized by its refractive index and absorption 
coefficient, calculating fields in the resist, accounting for the incident material refractive 

15 index and absorption coefficient, performed using thin film optics or by solving Maxwell 
equations. 

[0031] Embodiment of the invention includes laying out the layout pattern on the 
mask to be imaged on the radiation-sensitive layer. The layout pattern comprises an assist 
feature having a size and a distance from a corresponding main feature, and laying out 
20 includes determining said size and distance using a lithography model comprising, for an 
incident material different than air characterized by its refractive index and absorption 
coefficient, calculating fields in the resist, accounting for the incident material refractive 
index and absorption coefficient, performed using thin film optics or by solving Maxwell 
equations. 

25 [0032] Embodiment of the invention includes laying out the layout pattern on the 
mask to be imaged on the radiation-sensitive layer. The layout pattern comprises an 
attenuated phase-shifting mask having sizing parameters, and laying out includes 
determining said sizing parameters using a lithography model comprising, for an incident 
material different than air characterized by its refractive index and absorption coefficient, 

30 calculating fields in the resist, accounting for the incident material refractive index and 
absorption coefficient, performed using thin film optics or by solving Maxwell equations. 
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[0033] Embodiment of the invention includes laying out the layout pattern on the 
mask to be imaged on the radiation-sensitive layer. Laying out includes applying 
proximity correction using a lithography model comprising, for an incident material 
different than air characterized by its refractive index and absorption coefficient, dividing 
5 the refractive indices and absorption coefficients of all the materials in the wafer stack by 
the refractive index of the incident material. 

Brief Description of the Figures 

10 [0034] Figure 1 illustrates the modification of the data to correct proximity effects. 
[0035] Figure 2 illustrates the process flow used for model-based OPC. 
[0036] Figure 3a illustrates an optical lithography exposure tool with the projection 
lens in contact or close proximity to the wafer. 

[0037] Figure 3b illustrates a possible projection lens used in the optical 
15 lithography exposure tool described in Figure 3a. 

[0038] Figure 4 depicts the interface between the lens and the resist when they are 
in contact. 

[0039] Figure 5 depicts the interface between the lens and the resist in contact mode 
when the refractive index of the lens is matching the refractive index of the resist. 
20 [0040] Figure 6 depicts the interface between the lens and the resist in close 
proximity mode. 

[0041] Figure 7 illustrates an optical exposure tool comprising a projection lens and 
a negative refractive index slab. 

[0042] Figure 8 depicts the interface between the lens and the resist for the optical 
25 system described in Figure 7. 

[0043] Figure 9 illustrates an optical exposure tool with the projection lens in 
contact or close proximity to the wafer and to the mask. 

[0044] Figure 10a illustrates the methodology used to expose wafers with a global 
wafer to mask alignment. 
30 [0045] Figure 10b illustrates the methodology used to expose wafers with a local 
wafer field to mask alignment. 
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[0046] Fig. 1 1 is a block diagram of a computer system adapted for proximity 
correction according to the present invention. 

[0047] Fig. 12 is a flow chart for a process of integrated circuit manufacturing 
according to the present invention. 
5 [0048] Fig. 13 provides a system view for contact or proximity lithography 
according to the present invention. 

Detailed Description 

10 [0049] A technique described in Figure 3a was developed to address the issues 
encountered with immersion lithography. A wafer 302 is placed on the stage 301. The 
projection lens 303 projects an image of the mask 304 on top of the wafer 302. The 
bottom surface of the lens is placed either in close proximity or in contact with the 
radiation sensitive layer (photoresist) on the wafer 302. Close proximity means that the 

15 distance between the bottom of the lens and the wafer is small compared to the 

wavelength of the exposure, typically smaller than the wavelength divided by 5. The set 
up described in Figure 3a will avoid the issue of having a liquid between the lens and the 
wafer. Moreover, there is no need to insert a solid "immersion" lens between the 
projection lens and the wafer as the image of the mask 304 is created in the vicinity of the 

20 bottom surface (surface facing the wafer) of the last lens element of the projection lens 
303. This set up allows the reduction of potential aberrations of the images created by the 
lens. 

[0050] A possible lens implementation is shown in Figure 3b. The object plane, i.e. 
the mask is represented by O and the image plane, i.e. the wafer position is represented 
25 by IM. The image of the object is formed at the image plane in the vicinity of the surface 
of the last lens element 335 (the surface in proximity or in contact with the wafer). The 
lens elements are placed in an environment control casing not shown on the drawing. The 
temperature, pressure, and atmosphere are precisely controlled in the environment of the 
casing. 

30 [0051] The material of the last lens element needs to be chosen with the highest 
possible refractive index in order to achieve the best resolution. At the same time the 
material must be compatible with all other lens requirements including for example the 
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fact that the material must be transparent. Potential candidates are listed below with their 
approximate values of the refractive indices in parenthesis and compared to liquid 
immersion lithography. 

5 Wavelength Liquid Immersion Lens Materials 

193nm Water (1.47) Al 2 0 3 (1.88) 

CaF 2 (1.5) 
Si0 2 (1.56) 
YF 3 (1.55) 

10 SrF 2 (1.55) 

LaF 3 (1.63) 

157nm PFPE (1.38) CaF 2 (1.56) 

Si0 2 (1.69) 

15 YF 3 (1.64) 

SrF 2 (1.62) 
LaF 3 (1.72) 

[0052] For both 193nm and 157nm wavelengths, the refractive indices for the lens 

20 materials are higher than the best liquid immersion materials available thus enabling this 
technique to resolve smaller resist feature sizes than liquid immersion lithography. Some 
of the materials listed as potential candidates for the lens material, i.e. CaF 2 and Si0 2 , are 
already used today in the manufacturing of lenses for 193nm and 157nm lithography. The 
lens manufacturing process could use the same material as for conventional lenses, only 

25 the overall design of the lens needs to be changed so that the image of the mask is created 
in the vicinity of the boundary of the last lens element. The exact location of the image of 
the mask will need to be chosen carefully such that the image is created at the best 
location with respect to the resist. Typically the image should be formed inside the resist. 
The exact location will depend on the resist thickness, on the resist refractive index, and 

30 on the resist processing characteristics. For some resist the image should be formed closer 
to the top of the resist, for other resists the image should be closer to the bottom of the 
resist. The difference in best image position can be attributed to differences in chemistry 
and to different processing conditions like for example, pre-bake time and temperature, 
post-exposure bake time and temperature, developer normality, development time and 

35 temperature. 
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[0053] Alternatively, as current projection lenses are made of multiple lens 
elements, only the last element could be made of a high refractive index material in order 
to achieve the best possible resolution. For example a lens for 193nm lithography could 
use CaF 2 and SiC>2 for all the lens elements except for the last element in contact or 
5 proximity with the resist that could be made of AI2O3. For a 157nm lens, all elements 
could be made of CaF2 except for last element close to the resist that could be made of 
LaF 3 . 

[0054] Figure 4 shows a detailed view of the lower surface of the projection lens 
403 in contact with the resist 402 coated on the wafer 401. Marker 404 indicates light 

10 beams propagating through the projection lens 403 and creating an image inside the resist 
402. Preferably the image of the mask is created inside the resist to obtain the best resist 
image quality after resist processing. Figure 4 assumes that the refractive index of the 
lens material is lower than the refractive index of the resist and the beams at the 
lens/resist interface are refracted following Snell's law: 

15 ni . sin(ii) = n 2 . sin(i 2 ) 

where nj is the refractive index of the lens material, n 2 the refractive index of the 
resist, i\ the angle between the beam inside the lens material and the optical axis, i 2 the 
angle between the beam inside the resist and the optical axis. The refraction of the beams 
entering the resist will create an aberration of the image inside the resist equivalent to 

20 spherical aberration. 

[0055] The aberration can be reduced if ni and n 2 are substantially the same as 
shown in Figure 5. In this case the previous formula shows that ii and i 2 are substantially 
equal. The beams propagating through the lens enter the resist with minimal direction 
change and the aberration effect is therefore reduced. The lens material could be chosen 

25 to achieve a good refractive index match with the resist. Vice-versa, the resist 

composition could be modified to match the refractive index of the lens material. The 
composition of the resist could also be modified so that the refractive index of the resist is 
larger than the refractive index of the last lens element in order to ensure that no 
resolution loss occurs at the interface between the resist and the lens. 

30 [0056] If the projection lens is not in perfect contact with the resist and a gap is left 
in between the lens and the resist, the propagation of the beams with high angles of 
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incidence (ij) through the gap could be altered if the refractive index of the gap n g is 
lower than the refractive index of the lens material as shown in Figure 6. Total reflection 
would take place for sin(ii) > n g / ni . The beam 605 going through the lens 604 is 
reflected into the beam 606 because of the gap 603 before it reaches the resist 602 coated 
5 on the wafer 601. In this case evanescent waves present at the lens / gap interface could 
be used to image the resist. As their amplitude decays exponentially, the gap thickness 
will have to be kept small compared to the wavelength of the light. 
[0057] To alleviate the effects of exponentially decaying evanescent fields, a 
negative refractive index slab can be placed in between the lens and the wafer as shown 

10 in Figure 7. A wafer 702 is placed on the stage 701. The projection lens 703 combined 
with a negative refractive index slab 705 creates an image of the mask 704 on top of the 
wafer 702. The propagating fields are imaged by the slab which acts like a lens. The 
evanescent fields are amplified throughout the slab and can be used on the resist side to 
create the final image inside the resist. 

15 [0058] Figure 8 shows a detailed view of the lower portion of the projection lens 
806, the negative refractive index slab 804, the resist 802 and the wafer 801. A gap 805 is 
left between the lens 806 and the negative refractive index slab 804 and a gap 803 is left 
between the negative refractive index slab 804 and the resist 802. The dotted line 807 
shows fields propagating from the lens 806, through the gaps 805 and 803 and through 

20 the negative refractive index material 804 to create an image into the resist 802. For 

beams with large incidence angle, gap 805 results in total reflection inside the lens 806 as 
described in Figure 6. Evanescent fields inside gap 805 decay exponentially but are 
amplified through the negative refractive index slab 804. These evanescent fields decay 
again exponentially in the gap 803. They can create an image in the resist if the widths of 

25 the gaps 805 and 803 are small compared to wavelength of the light. Preferably the width 
of the gaps 805 and 803 is chosen equal to half the width of the negative refractive index 
slab 804 and the refractive index of the slab 804 is chosen equal to -1. The negative index 
slabs can be obtained by manufacturing three dimensional photonic crystals. 
[0059] For all the cases described above the mask is placed in air or in a purged 

30 environment for 157nm lithography as air attenuates the 157nm radiation. Under these 
conditions, the diffraction pattern emanating from the mask and captured by the 
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projection lens could be limiting the resolution of the image created on the wafer. A 
magnification of the mask image is required if the mask is imaged in air. The condition 
imposed on the magnification of the mask is as follows: 

m > n w /n m 

5 where m is the magnification of the image on the mask compared to the 

image on the wafer, n m is the refractive index of the material in contact or in close 
proximity with the mask and n w is the refractive index of the material in contact or in 
close proximity with the wafer. In general, the resolution of the image created on the 
wafer is limited by the minimum of the refractive index of the last lens element, the 
10 refractive index of the resist, and the refractive index of any material that could be 
present in-between the last lens element and the resist. These limitations apply to any 
type of optical system currently in use and even apply to future imaging systems using 
liquid immersion lithography. 

[0060] Using this technique, very small features will be printed on the wafer using 
15 a relatively large wavelength as measured in the air. The originating mask features will 
be small as well and given by the following equation: 

MFS = mk, X/(n NA) 
where MFS is the mask feature size. For example, if NA=0.85, 
ki=0.3, n=1.5, m=4, then MFS = 0.67 X, The mask feature size is actually smaller than 
20 the wavelength. A magnification of 4 is the standard for today's scanners and steppers. 
While the mask feature size is small compared to the wavelength, the thickness of the 
mask absorber is relatively large compared to the wavelength, typically the chrome 
absorber thickness is on the order of 70nm for advanced masks. The high aspect ratio of 
the mask features creates large scattering at the edges of the mask feature that will 
25 degrade the mask transmission and ultimately the quality of the aerial image printed on 
the wafer. Moreover the problem becomes more acute for alternating phase-shifting 
masks as the quartz substrate is etched to create a 180 degree phase-shift by a depth given 
by the following equation: 

d = X/2(n s -l) 

30 where n s is the refractive index of the mask substrate. If the alternating 

aperture mask is created using an additive process, a shifter layer is coated and patterned 
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on top of the chrome features. The thickness of the shifter layer is given by the following 
equation: 

d = A/2(n sh -l) 

where n sh is the refractive index of the shifter layer. In the case of alternating 
5 aperture phase-shifting mask the aspect ratio is larger and the effect of scattering is more 
severe. For resolving smaller feature size compared to the exposure wavelength, a larger 
magnification should be used for example 5, 6 or 7. Integer number for the mask 
magnification is not required but it is preferred as it simplifies the scaling of the wafer 
data to create the mask. In particular, it makes it easier to put the mask data on a grid 

10 compatible with the mask write tools. The limitation brought up by mask scattering 
effects at the edge of high aspect ratio features and the idea of increasing the mask 
magnification accordingly applies to any types of optical system currently in use and 
even applies to future imaging systems using liquid immersion lithography. 
[0061] Another way to solve this problem would be to immerse the mask side of 

15 the imaging systems in high index liquid, or place the mask surface in contact or close 
proximity with a high index solid lens element, as well as the target wafer. This can be 
accomplished for the optical systems described in the present invention but also for any 
type of optical system currently in use and including future imaging systems using liquid 
immersion lithography. Figure 9 shows a drawing representing such a system as an 

20 extension of the system described in Figure 3a. A wafer 902 is placed on the stage 901. 
The projection lens 903 projects an image of the mask 904 on top of the wafer 902. The 
top of the lens is placed either in close proximity or in contact with the mask 904. The 
bottom of the lens is placed either in close proximity or in contact with the wafer 902. 
This type of set up would limit the constraints on the mask magnification described 

25 above. This type of set-up precludes the use of a pellicle on the mask. This type of set up 
can also be used in combination with negative refractive index slab as described in Figure 
7. 

[0062] In all the cases described in Figure 3a, 4, 5, 6, 7, 8, and 9 the distance 
between the lens and the wafer is set by some mechanical constraints. For example in 
30 contact mode as described in Figure 4, no gap is left between the lens and the resist. The 
contact mode can be precisely adjusted by monitoring the pressure exerted by the wafer 
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stage on the lens. For Figure 6, the gap left between the lens and the resist is controlled 
very accurately since the evanescent waves are decaying exponentially. Any non- 
uniformity of the gap or any small change of the gap would lead to large differences in 
the image formed into the resist. One method to monitor the gap distance is to use an 
5 interferometer, where the waves reflected by the surface of the resist and the waves 
reflected by the surface of the lens (lens air interface) are interfered. 
[0063] As the distance between the lens and the resist is fixed because of the nature 
of the imaging technique used, the position of the image can be changed by adjusting the 
position of the mask with respect to the lens. On the other hand as the focus position 

10 inside the resist is set by the optical system when the wafer is in contact with the lens, a 
better control of the image position within the resist should be obtained compared to 
conventional exposure tool. For conventional exposure tools like steppers or scanners, 
the image position within the resist, i.e. the focus setting, is adjusted by moving up or 
down the wafer stage with respect to the lens which may lead to positioning inaccuracies. 

15 In addition the effect of vibrations or vibration coupling (liquid immersion) should be 
minimized in contact mode as described in the present invention. 

[0064] One of the main differences between this technique and current lithography 
techniques is that the lens is in close proximity or even in contact with the wafer which 
increases the risk of contamination of the lens and of the wafer. In close proximity the 

20 risk of contamination is lower but the control of the distance between the wafer and the 
lens is critical. On the other hand, contact printing offers the ultimate resolution but the 
largest risk of contamination. In order to prevent the contamination of the lens or of the 
wafer, a thin layer preventing the adhesion of the resist to the lens can be coated either on 
top of the lens or on top of the resist. This layer can be made for example of a fluoro- 

25 polymer similar to the one used for mask pellicle. This type of material presents the 
advantage of being transparent to short wavelengths and to reduce surface tension. The 
refractive index of this film should be high enough not to limit the resolution of the 
printed images by total reflection as described in Figure 6. The resist chemistry can also 
be changed to lower surface tension. Resist can be made of fluoro-polymers combined 

30 with photo-acid generators. Upon irradiation, the photo-acid generator generates an acid 
that can de-protect chemical functions on the fluoro-polymer that are soluble in the resist 
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developer. The resist would then be a positive resist. Alternatively soluble functions 
could be removed (negative resist) or photo-base generators could be used. 
[0065] In order to improve the contact between the lens and the wafer or to better 
control the gap between the lens and the wafer, the wafer surface should be as flat as 
5 possible. Techniques such as chemical mechanical polishing can be used to improve the 
wafer surface flatness. Dummy fill patterns placed in sparse areas of the layout can be 
combined with chemical mechanical polishing to further improve the flatness. 
[0066] The contact between the lens and the wafer can also be improved by using 
resists specially formulated to create a planar coating of the topography of the wafer. The 
10 resist can also be formulated to conform to the surface of the lens when the lens and the 
wafer are put in contact. 

[0067] To avoid any printing degradation due to the lens cleanliness, the surface of 
the lens that was in contact with the wafer can be inspected and cleaned after a certain 
number of exposures. Preferably, both the inspection and the cleaning systems should be 

15 placed either on the wafer stage or in the near proximity of the stage to minimize 

throughput loss. Many different inspection techniques can be used. A laser system can be 
used to scan the surface of the lens at a grazing incidence. Any change in the amount of 
light reflected by the surface indicates the presence of a defect. A pinhole combined with 
a detector could be used to monitor the uniformity of the aerial image of the lens. A phase 

20 measurement interferometer could be used to monitor the uniformity of the wave-fronts 
across the field. 

[0068] If defects have been found during the inspection step, the lens surface 
should be cleaned. The cleaning process can combine wet and dry cleaning methods 
similar to the techniques used for cleaning wafers or photo-mask in order to remove resist 

25 residues or particles. The portion of the lens that was in contact with the wafer could be 
immersed in liquid chemical capable of dissolving the resist residues, and then dried. The 
wet cleaning step could be performed in combination with acoustic waves (typically 750 
to 1000 kHz) in order to dislodge any particle left on the lens surface. The portion of the 
lens that was in contact with the wafer could be placed in a plasma environment. The 

30 plasma could contain oxygen or nitrogen as the byproducts of the reaction of polymer 
with oxygen or nitrogen are volatile compounds like for example H2O, CO, CO2 in the 
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case of oxygen. Another technique involves the use of UV radiation combined with an 
atmosphere of ozone. The UV radiation could be generated by an external source or 
could be generated by the exposure tool source itself. 

[0069] To address the issue where the lens surface cannot be cleaned, the lens could 
5 be built in such as way that the last element of the lens can be removed and replaced. For 
example the last lens element in contact with the wafer could be a disposable sheet of the 
high refractive index material. 

[0070] As the image on the mask is magnified compared to the expected wafer 
image, multiple exposures will be required to expose an entire wafer. Figure 10a 

10 describes the required flow to expose and process an entire wafer. The wafer is aligned 
globally to the mask through an alignment step. The resist is first coated on the wafer, 
and then the wafer is loaded onto the stage. The wafer is aligned to the mask using global 
alignment keys on the wafer. The stage is moved to the location of the first field to be 
exposed. The stage is then moved up in contact or in proximity with the wafer. The resist 

15 is then exposed to the desired exposure dose. The stage is then moved down to release the 
wafer from the lens. If more fields need to be exposed the stage moves to the location of 
the next field to expose and the same procedure is repeated. When all the fields are 
exposed, the wafer is unloaded from the stage and the resist is processed. In Figure 10b, 
the alignment is performed for each field individually. The flow is similar to the flow 

20 described on the right side except that the alignment is performed just before the 
exposure of each field with alignment keys placed on each field. 

[0071] If the lens is placed in contact with the wafer, the exposure for a given field 
is performed as a whole in which the entire field is imaged by the imaging system onto 
the wafer (stepper mode). If the wafer is placed in proximity of the lens, the entire field 

25 can be imaged as a whole (stepper mode) or the field can be scanned (scanner mode). The 
lens elements are typically circular. To avoid neighboring fields overlapping, the final 
lens element can be shaped into the geometry of the field, for example the final lens 
element may be rectangular. The typical field sizes for current stepper and scanner is a 
rectangle (or square) on the order of 20 to 40 mm in each direction. This reduced field 

30 size (typically less than 2000mm 2 ) compared with the previous non-magnified 

implementations (which needs to cover the entire wafer as a whole), in combination with 
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printing with a magnified mask image (such that mask critical dimension tolerance is 
relaxed), makes contact and proximity printing described in the present invention more 
viable than the previous non-magnified implementations. The reduced field size also 
makes the resist less prone to sticking to the lens. 
5 [0072] As far as alignment is concerned, the global or local alignment systems can 
re-use existing alignment systems where the position of alignment keys on the mask is 
compared to the position of alignment keys on the wafer using an optical beam either 
going through the projection lens or going through an optical system adjacent to the 
projection lens. 

10 [0073] The exposure systems described in Figure 3a, Figure 7, and Figure 9 could 
also be used to produce an image on the wafer without the need for a mask. In this case, 
the mask would be replaced by a radiation source. An image of the source would be 
created on the wafer in the form of a small exposed area. The image of the source could 
be scanned on the wafer using a deflection mechanism like an acousto-optics modulator 

15 or a rotating mirror placed between the source and the projection lens. The source could 
be turned on and off to create the desired pattern on the wafer. The image of the source 
on the wafer could have a range of possible shapes in order to re-create the desired wafer 
image. 

[0074] Despite the increased resolution provided by imaging into a high refractive 
20 index material, the distortion in the pattern transfer will require proximity effect 

correction as the feature size decreases. The design shapes must be modified in order to 
print the desired images on the wafer. To achieve an accurate correction of the layout, 
new models are required to account for the imaging into a high refractive index and to 
account for the evanescent waves coupling when the lens and wafer are in close 
25 proximity. 

[0075] Modeling can be approximated using a conventional lithography simulator. 
Denoting the refractive index of the last lens element material by n_s, modeling can be 
performed using a conventional simulator by specifying a wavelength given by the 
wavelength in vacuum divided by n_s. Refractive indexes and extinction coefficients 
30 (n,k) of all materials in the wafer stack should also be divided by n_s. Other parameters 
should remain unchanged. The simple approximation described above is adequate for 
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first-order analysis. A more accurate modeling is necessary when the user is interested in 
secondary effects such as aberrations, focus errors, and the impact of mask topography on 
imaging. In these situations, the simulator should model the thin-film stack using n_s as 
the refractive index of the incident material. Spacing of the diffraction orders would 
5 change from 1/p to l/(n_s * p) (where p is the period of the printed feature) to reflect the 
capturing of more diffracted harmonics. For proximity or contact printing in which 
evanescent waves play a non-negligible role, the model should also include extensions of 
thin-film optics. Alternatively, for the calculation of the propagation through the gap 
between the lens and the resist and the field inside the resist, Maxwell's equations can be 
10 solved using for example the FDTD (Finite Difference Time Domain) method. With 
these changes, modeling of secondary effects such as aberrations and mask topography 
becomes accurate. 

[0076] Using this methodology, an accurate model of the image process can be 
built for both contact and proximity modes. The model built using this methodology can 

15 be used in many applications. It can be used to accurately correct the original layout to 
compensate for proximity effects or to verify the printing of a given layout or the 
correction of a layout after the compensations have been performed. This model can also 
be used to calculate the image of a given layout, determine its dose and focus latitude, or 
evaluate the printability of defects. Other uses of the model are the calculations of the 

20 optimum shifter width for alternating aperture phase-shifting mask, the optimum design 
shape sizing for attenuating phase-shifting mask, the optimum assist feature size and 
distance from the main feature, and the optimum illuminator setting for off-axis 
illumination. 

[0077] Figure 1 1 illustrates a computer system that can be used for one or more of 
25 the following tasks: correcting proximity effects on data layouts, verifying the correction, 
simulating the image of the layout, simulating the optimum shifter width for alternating 
aperture phase-shifting masks, simulating the optimum sizing for attenuating phase- 
shifting masks, simulating the optimum illuminator setting for off-axis illumination. This 
computer system represents a wide variety of computer systems and computer 
30 architectures suitable for this application. A processor 1101 is connected to receive data 
indicating user signals from user input circuitry 1 102 and to provide data defining images 
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to display 1103. Processor 1101 is also connected for accessing mask layout data 1104, 
which define a mask layout under construction and a layout for a layer of material to be 
exposed using the mask. Processor 1 101 is also connected for receiving instruction data 
from instruction input circuitry 1 105, which can provide instructions received from 
5 connections to memory 1 106, storage medium access device 1107, or network 1 108. 

[0078] Figure 12 illustrates the manufacturing process of an IC (Integrated Circuit). 
At step 1201, the layout file of the integrated circuit is first read using a computer system 
described in Figure 1 1. At step 1202, the layout is corrected for proximity effect and the 
data is converted to mask data format. The correction of the data is only performed if 

10 required to meet the lithography specifications. The data resulting from step 1202 is used 
to create a mask at step 1203, and the mask is finally used in the fabrication process of an 
IC at step 1204. At least one lithographic step used to manufacture the IC in step 1204 
uses one of the techniques described above from either, Figure 3a, Figure 7 or Figure 9. 
[0079] In summary, the present invention as described in Figure 3a, Figure 7, and 

15 Figure 9 requires substantial modifications of many aspects of the semiconductor 

manufacturing process. Figure 13 summarizes some of the ramifications of this technique 
that were described in more details in the previous paragraphs. The use of the invention 
directly impacts the following areas: Semiconductor-MEMS -integrated optics 
manufacturing, Mask manufacturing, EDA (Electronic Design Automation), Resist 

20 Manufacturing, and Lithography Equipment Manufacturing. 

Conclusion 

[0080] The data structures and code described in this description can be stored on a 
25 computer readable storage medium, which may be any device or medium that can store 
code and/or data for use by a computer system. This includes, but is not limited to, 
magnetic and optical storage devices such as disk drives, magnetic tapes, CD (compact 
discs) and DVD (digital video disks), and computer instruction signals embodied in a 
transmission medium. For example, the transmission medium may include a 
30 communication network, such as the Internet. 
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[0081] The invention can be applied to any binary masks, rim phase-shifting masks, 
chromeless phase-shifting masks, attenuated phase-shifting masks, alternating aperture 
phase-shifting masks used in single or multiple exposure methodologies. 
[0082] While the present invention is disclosed by reference to the preferred 
5 embodiments and examples detailed above, it is to be understood that these examples are 
intended in an illustrative rather than in a limiting sense. It is contemplated that 
modifications and combinations will readily occur to those skilled in the art, which 
modifications and combinations will be within the spirit of the invention and the scope of 
the following claims. What is claimed is: 

10 
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